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Index terms:  Middle atmosphere — composition and chemistry; middle atmosphere — constituent
transport and chemistry; troposphere — composition and chemistry; troposphere — constituent
transport and chemistry.
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chemical transport and transformation model 

2 that are
a consequence of relations between the geographic distribution of sources and of the
a cdilatis,Ae



e

a�4� 	
 :ga�: � � �� � ��:� � Tc
(�)Tj
ET
q
1 i 
5.7 174.308.2892 743.28 Tm
0 Tc
(:)Tj
ET
q
1 i 
5.7 174.42 491.34 577.98 re
W n
BT
13.68 0 0 13.68 314.2296 743.28 Tm
-0.0098 Tc
(�	 Tc
(�)Tj
ET
q
1 i 
5.7 174.32196058 743.28 Tm
-0.0098 Tc
(a4�:�a�g:��a)Tj
ET
q
1 i 
5.7 174.42 491.34 577.98 re
W n
BT
13.68 0 0 13.68 387.5739 743.28 Tm
0 Tc
(�)Tj
ET
Q
BT
13.68 0 0 13.68 394.2805 743.28 Tm
(�:

��)Tj
ET
q
1 i 
5.7 174.42 491.34 577.98 re
W n
BT
13.68 0 0 13.68 426.5169 743.28 Tm

(��)Tj
ET
Q
BT
13.68 0 0 13.68 436.8931 743.28 Tm
( ��g�)Tj
-30.8533 -1.25 TD
-0.0063 Tc
(4���
a��a��� 4�����ge��Pa��
: �: ge�����a �
�� ����a: �: ge�����a �
��: �)Tj
0 -1.0833 TD
-0.0032 Tc
(����a �
���: ���
���4�	
:ga��
��P:g�� �Pa
e: �4P��)Tj
/F1 1 Tf
/Cs8 cs 0 0 0.459 sc
19.9764 0 TD
-0.004����gePage:a )Tj
/F3 1 Tf
0 g
3.6903 0 TD
0���ge!�: ��secondary  bysecoair-*rCr-dygcehrh 

k,( ---Pmr-pnhrc-ds-hCdEry-MB-nMsrCEaidny-hrCdErh-sByn(idg-haia-nMiadyrh-oCnp-imr
ReCn(ray-.ryiCr-onC-urhdep-/ayWr-0raimrC-1nCrgasis-qR.u01l)-s(rgdodgaccB-imr



Page: 5

Figure 1. Geographic distribution of sulfur emission fluxes: (a) Anthropogenic emissions of
sulfur (SO 2  plus primary sulfate) and (b) biogenic sulfur (DMS plus H 2 S) emissions. The

latitude band structure of the oceanic DMS emissions given by Bates et al. [1992] is still
apparent after distribution proportional to coastal zone color scanner (CZCS) data and
reallocation to the model grid, introducing discontinuities in these emissions. Note logarithmic
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[15]   Systems with circulations extending through the depth of the troposphere are
capable of accumulating material within their region of influence. Significant events of
the anticyclonic or cyclonic type are defined by at least one “closed-contour” at the 500
hPa level, so the climatology of 500 hPa cyclones and anticyclones is an important
factor in determining the distribution of material over the hemisphere. The terminology
“cutoff low” is typically interchanged with “500 hPa cyclone” because no formal
definition distinguishing them has been established. The climatology of anticyclones
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surface represents conditions in the upper troposphere, whereas that at 295°K
represents the lower troposphere. Isentropic analysis is most useful at higher levels of
the troposphere where isentropic surfaces are not interrupted by intercepting the ground;
it is less useful at lower tropospheric levels where the surfaces intercept the ground in
the tropics and in mountainous areas, as indicated by the gray areas on the 295°K,
300°K, and to a lesser extent the 305°K isentropic surfaces.

Figure 4. Isentropic analysis for April 1 0000 UT at the 295°K, 300°K, 305°K, 310°K, and
320°K surfaces. The potential temperature is constant at all points on each chart, and the
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northern Germany than sulfate. This reflects th

Long-range transport (thousands of kilometers) is readily discernable for bothsulfate and SO
2, in some instances extending across the entire North Atlantic

from North America to Europe. Attention is called to an instance of large
column burden of SO2 transported from the Great Lakes area (March 29 1200
UT) to the Iberian Peninsula (April 1 1200 UT) and to large column burden of
sulfate transported from New England (April 23 1800 UT) to the Canary
Islands (April 25 1800 UT). Note that a sulfate column burden of 300 µmol
m-2
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reaction and removal in precipitation.

[23]   The minimum in the sulfate column burden corresponds to the three-dimensional
parcel trajectories associated with the baroclinic leaf structure and to regions of low
sulfate mixing ratio indicated by the white areas in the isentropic surfaces on April 1
0000 UT (Figure 4). Wind vectors off the east coast of the United States show
southerly flow, with parcels moving from the 800 hPa isobar off the coast of Florida to
the 600 hPa isobar over the Canadian maritime provinces, indicating widespread
slantwise ascent. Assuming an average horizontal velocity of 15 m s-1 (a typical value
for these conditions), for a 1000 km south to north transport the corresponding vertical
velocity is approximately -3 ? 10-3 hPa s-1 (-3 cm s-1, a moderate rate of ascent). A
synoptic-scale vertical velocity of this magnitude indicates slow, methodic ascent that
will hive rise to widespread precipitation typical of midlatitude cyclones and lead to
efficient removal of any sulfate present. Note also that the flow turns sharply
west-northwest off the coast of eastern Labrador, so precipitating air parcels moving
upward and to the northeast, off the northeast coast of the United States, continue to
ascend and may eventually arrive at 400 hPa. At that level the flow is diverted toward
the southeast with accompanying precipitation and consequent removal of sulfate.

[24]   An example of low sulfur burden in a maritime cutoff low is seen at 50°W and
30°N. The synoptic charts reveal a well-defined cutoff low 400 AlNNbask? to
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burden was consid

era

bly lower, most likely owing to the lack of aqueous-phase
oxidation caused by the entrainment of dry air from the Middle wI°nmepTflNz°r f~TDibmt]1°z°nmepTlx�i1I°°( F°TITTDiznmentered TDiouth of nmepUnImt]ted KImt]1gdom. TmepTDiynoptic analyTDi\]I°TDi�anImt]mation from April 3-5�i1I°°( F°T°°TDizn0000 UTpTDihowTDi�the evolution of nmiTDi�migh-amplImt]tude trough]Imt]1°z°an]Imt]1°enNz°r  cutoffpTlx.�i1I°°( F°TzPTDiznDurImt]1g nmiTDi�perImt]od]the air maTDi\]IF from over]the European]continent waTDi drawn]Imt]1°z°nme�isiTµi6]1]]°PTTciOdeveloping cutoff low, as indicated by the large SO2TjiI]1FNT]T]TI]1FNTF(F1Nz44TN4]1PF]FTTmi]TTciO22TjiIP1NzT]T]TIP1NzTF(414°]ITN4~1zzTTmi6]1]]°PTTciO burden, and the dry air was2Tji6F]1NzFT6I1F°TTDi6]1]]4zTTciOeventually moistened as it wrapped around the system, producing sulfate column2TjiTµi6]1]]~~TTciOburden of several hundred µmol m2TjiI]1FNT]T]TI]1FNTF]I14](TN~°1F~]ITTmi6]1]]~FTTciO-22TjiIP1NzT]T]TIP1NzTFI]1INz~TN~]1Nz]FTTmi6]1]]~PTTciO south of the low by April 5 0000 UT. Large2Tji6I~1F4((T6ITTDi6]1]]°zTTciOvalues of the sulfate column burden persisted in the region for more than 72 hours, as2TjiTµi6]1]]4FTTciOmanifested by advancing both sulfur animations to April 6 1200 UT.2TjiII1~T]T]TII1~TI~1zFT°z°1(NTTmi6]1]I]NTTciO[27]2TjiIP1NzT]T]TIP1NzTPP1PF(PT°z°1(NTTmi6]1]I]PTTciO   In addition to the maximum in the sulfate column burden associated with the cutoff2Tji6I1P°PT6ITTDi6]1]]°NTTciOlow over the coast of France and Portugal on April 6 1200 UT, there was a region to2TjiTµi6]1]IPPTTciOthe east of this feature, centered at ~50°N and 40°E, that exhibited localized sulfate2Tjsi]T6I1F°TTDi6]1]]FTTciOburdens in excess of 300 µmol m2TjiI]1FNT]T]TI]1FNTI(~1zPFNT°~N1]N]FTTmi]TTciO-22TjiIP1NzT]T]TIP1NzTF]P1P4z4T°~I1°TTmi6]1]]FFTTciO and SO2TjiI]1FNT]T]TI]1FNTFPTeNBsi[FITITTfi[CszTcsT]T]T]1~°(TsciFF1~NI4T]TTDi6]1]]~PTTciOburden rb 2Tji[FPTITTfi]Tgi~14zzPT]TTDi6]1]IFFTTciO in the upper level2Tji6F41F°T6ITTDi6]1]]4PTTciOflow, indicated by a tightening of the pressure gradient along this flow in the synoptic2TjiTµi6]1]]NTTciOanimation. In this confluence zone, SO2TjiI]1FNT]T]TI]1FNTFF~1z~NT~~P1~NTTmi]TTciO22TjiIP1NzT]T]TIP1NzTFF(1(]INT~~z1]FTTmi6]1]]°zTTciO is transported to the northeast from sources in2Tji6I°14FFPT6I1F°TTDiOS1rTesbfrom � norn Europeesbfrom is transported to rom � northeast from sources in]41F°T6ITTDi6]1]]4PTScaindnavI°nda;flow �ad]I°ndI°mat�,d to]IFa]IFnumerouurcene, SO2TjiI]1FNT]T]TI]14°]TI~zT~IF]TIP1~NTTmi]TTciO22TjiIP1NzT]T]TIP1z]i6IPPT~Iji6~z1]FTTmi6N1]]°zTTciO sources  vI°ndc]IF indIyI°ng of bsbfrom I°maFelf.]I°n2T(1~P4~4FFPT6I1F°TTDi6]1]]4PTItfrom ibn this  a tur]I°matingne, SO2
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flow showed little height gradient 
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Figure 5. Isentropic analysis for April 3 0000 UT. As in 
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generated precipitation which removed sulfate (see Animation 4 for April 
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Figure 9. Sulfate column burden on April 5, 1987, 0600 UT and April 6, 1987, 0600 UT. From
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Figure 10. Sulfate column burden on April 5, 1987, 0600 UT and April 6, 1987, 0600 UT.
From top to bottom: derived from biogenic sources, derived from North American sources,
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Figure 11. Time series of the percent contribution from each formation mechanism to the



Page: 24increases are due mainly to increases from European sources at low altitudes as materialin the cutoff low reached the study location. On April 5 0600 UT the SO2concentrations were largest at an altitude of ~4 km and were dominated by North
American sources; these emissions had undergone slantwise ascent on the western
margin of the Atlantic, traveled across north of Labrador, and had undergone slantwise
descent before arriving at this location, as indicated in the isentropic analysis for April 4
0000 UT and April 5 0000 UT (Figures 6 and 7). Because of this long-range transport
and ascent the contribution from North American sources extends up to ~10 km;
because the source regions are closer, concentration from European sources was
important only up to 5 km.Figure 12. Vertical profiles of (left) SO2,m7catic71and7catic71(middle)7catic71le�ulfate7catic71concelanationles tic71derived7catic71fra6oO



[44]   On April 5 1200 UT, when transport of material from Europe under the influence
of the cutoff low had started to affect the study location, the concentration of SO2 was
still largest at ~4 km, and North American sources still predominated at this altitude, but
the contribution from European sources was starting to increase at ~1 km. The
concentration of sulfate was still largest at the surface, but the contribution from
European sources had increased while the contribution of North American sources
remained about the same. The predominant formation process for sulfate at all altitudes
was still aqueous-phase oxidation.

[45]
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are responsible for the transport of material over large distances as well as conditions
that can give rise to large column burdens of these materials.
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 under geostrophic flow  the Coriolis force and pressure
gradient forces are balanced, thus producing flow parallel to the height isolines . If
another force is present besides the Coriolis and pressure gradient forces, a parcel will
not travel parallel to isolines of height on a constant pressure surface but will have a
intensification and eastward during dissipation. It prevents the movement of migratory
cyclones across its latitudes. Two examples are a cutoff high and an omega block . 
Column burden: the vertical integral of the concentration of an atmospheric trace
species at each vertical level. 
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Concentration:
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approximation can be use

b
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stationary or weak cold front, may eventually become part of the circulation of a mature
cyclone, leading to a distortion of the cloud system in response to a developing
circulation and the development of a complex system of additional transport conveyor
belts. 
Wind conventions:
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